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Rice tungro disease is caused by rice tungro bacilliform virus (RTBV), which is responsible for the symptoms, and rice tungro spherical virus (RTSV), which assists transmission of both viruses by leafhoppers. Transgenic japonica rice plants (Oryza sativa) were produced containing the RTSV replicase (Rep) gene in the sense or antisense orientation. Over 70% of the plants contained one to five copies of the Rep gene, with integration occurring at a single locus in most cases. Plants producing antisense sequences exhibited significant but moderate resistance to RTSV (60%); accumulation of antisense RNA was substantial, indicating that the protection was not of the homology-dependent type. Plants expressing the full-length Rep gene, as well as a truncated Rep gene, in the (+)-sense orientation were 100% resistant to RTSV even when challenged with a high level of inoculum. Accumulation of viral RNA was low, leading us to conclude that RTSV Rep-mediated resistance is not protein-mediated but is of the cosuppression type. Resistance was effective against geographically distinct RTSV isolates. In addition, RTSV-resistant transgenic rice plants were unable to assist transmission of RTBV. Such transgenic plants could be used in an epidemiological approach to combat the spread of the tungro disease.
Rice tungro disease is one of the most severe virus diseases of rice and a significant threat to rice production in Southeast Asia (20) , where outbreaks of the disease are sporadic and, therefore, difficult to control (25, 27) . Rice tungro is a complex disease resulting from infection by two viruses: rice tungro bacilliform virus (RTBV), which is responsible for the symptoms, and rice tungro spherical virus (RTSV), which assists transmission of both viruses by the green leafhopper (GLH) vector Nephotettix virescens (23) . The RTSV genome is a positive-sense single-stranded (ss) RNA encoding a large polyprotein, which is subsequently processed by a viral protease. The virus also produces two subgenomic RNAs (29) . RTSV alone does not induce symptoms but does enhance the severity of RTBV symptoms in rice plants infected by both viruses (23) . Tungro disease typically starts with RTSV infection, which precedes RTBV infection (35) ; once inoculum becomes available, the disease spreads through secondary infection, as viruliferous GLH transport the viruses from plant to plant within the field (1) .
Most attempts to control rice tungro disease by classical breeding have not proved to be durable, because the improved rice varieties were bred for elevated resistant to the leafhoppers, rather than the viruses, and because the insects overcame resistance (13) . Genetic engineering utilizing pathogen-derived resistance strategies has now been shown to successfully control many viruses in a variety of crops (5) and, thus, may also be effective against rice tungro disease.
The spread of disease depends on RTSV and secondary infection; therefore, we applied a pathogen-derived resistance strategy to produce transgenic rice with elevated resistance to RTSV. We showed previously that RTSV coat proteins provided significant protection, although moderate, when expressed as transgenes, resulting mainly in a delay of disease symptoms (31) . The requirement for higher resistance led us to attempt replicase-mediated resistance (Rep-MR) strategies to control the disease.
In the past few years, many transgenic plants expressing Rep genes derived from different viruses have been tested in various plants. Resistance is usually strain specific and is often very high against the infecting virus particles as well as viral RNA (4, 28) . Most Rep-MR seems to be related to the homology-dependent or cosuppression phenomenon by which RNA produced by the transgene or viral RNA from the invading virus is specifically degraded (17, 26) . Alternatively, protein interaction may induce resistance by some mechanisms that are not yet clearly understood. More elaborate resistance mechanisms have been reported in the case of the resistance against cucumber mosaic virus, in which both Rep RNA and protein are apparently involved (19) .
In this article, we describe the effect of expression of the RTSV replicase coding sequence in sense or antisense orientation, and demonstrate imported resistance against RTSV in virus-challenged transgenic rice plants. The possible use of such transgenic plants in the field and their impact on the tungro disease are discussed.
MATERIALS AND METHODS

Plasmids.
Based upon the known sequence of RTSV RNA and the putative cleavage sites of the encoded polyprotein (29) , specific primers were designed to amplify the Rep gene by reversetranscriptase polymerase chain reaction (RT-PCR) from purified RTSV particles (provided by the International Rice Research In-stitute, Los Baños, the Philippines). The forward primer provided an ATG initiation codon at the putative 5′ end of the Rep gene sequence (F-Rep: 5′-cggatccg atgTTGGTGCCCACATCTGTT-3′ nucleotides 9,227 to 9,244 of the RTSV sequence, with a BamHI linker and a start codon shown in lowercase) and the reverse primer contained, in addition to the native stop codon, an introduced BamHI linker (RRep: 5′-cggatccgTTACACCTCCAAGTCAAGAA-3′ reverse complement of nucleotides 10,917 to 10,936 of the RTSV sequence). After digestion with BamHI, the intact gene was inserted at the corresponding site into a transformation vector between the maize ubiquitin promoter plus the first intron of the ubiquitin gene and the nopaline synthase (NOS) terminator. This gave rise to a sense (+) construct, pILTAB223, and an antisense (-) construct, pILTAB224.
Rice transformation. Transformation of calli, selection, and regeneration were performed as described by Chen et al. (10) . Embryogenic calli of japonica rice (Oryza sativa L., cv. TP309) were bombarded using a helium-driven device (PDS-1000/He; Bio-Rad Laboratories, Hercules, CA). The plasmids described above were cobombarded with pMON410 (Monsanto Company, St. Louis), which contains the hygromycin phosphotransferase gene (hph) under the control of the cauliflower mosaic virus 35S promoter for hygromycin selection of the transformed calli. The molar ratio of the plasmids used was 6:1 for Rep hph. Transgenic plants containing the Rep gene in the (+)-sense and (-)-antisense orientation were regenerated after selection on hygromycin.
Plant characterization. All DNA extractions were carried out according to Dellaporta et al. (15) . PCR was performed on total DNA extracted from hygromycin-resistant plantlets to confirm the presence of the RTSV Rep gene, using the same primers as those used for cloning the gene but without the BamHI linkers. The expected amplified fragment was 1,707 base pairs long.
Southern blots. Total DNA was extracted from rice plants that were PCR positive for the RTSV Rep gene. Approximately 3 µg of DNA, undigested or digested with appropriate restriction enzymes, were loaded on a 0.8% agarose gel in Tris-borate-EDTA buffer. Restriction enzymes were chosen to cut the plasmid once outside the gene cassette (BglII) or twice in order to isolate most of the cassette (BglII and SmaI(+) or SphI(-); no sites were available to isolate the entire cassette). After overnight transfer to nylon membrane (Hybond-N; Amersham, Piscataway, NJ) in 10× SSPE (1× SSPE is 0.18 M NaCl, 10 mM NaPO 4 , and 1 mM EDTA [pH 7.7]), a 1-h prehybridization and overnight hybridization were performed at 65°C, using a hybridization buffer containing 1% bovine serum albumin, 1 mM EDTA, 0.5 M NaHPO 4 at pH 7.2, and 7% sodium dodecyl sulfate (SDS) (11) . A PCR fragment representing the whole Rep gene was used as a probe after radiolabeling using the Prime-It II kit (Stratagene Inc., San Diego, CA).
Northern blots. Total RNA was isolated by a modified procedure based on Haffner et al. (18) . Leaf tissues ground in liquid nitrogen were mixed with Tris-HCl (1 M, pH 9), extracted twice with phenol (pH 9), followed by two cycles of precipitation (the first with potassium acetate, 2% wt/vol, and the second with 2 M LiCl). After electrophoresis in agarose gels prepared in a morpholinepropanesulfonic acid-based buffer (formamide and formaldehyde being present only in loading solution), RNA was blotted to Hybond-N. Prehybridization and hybridization reactions were carried out as described above for Southern blots.
The truncated Rep gene present in line T147-3 was recovered using PCR with primers specific to the ubiquitin promoter (Ubi1) and NOS terminator (Nos). Ubi1 = 5′-GTCGATGCTCACCCTGTT-3′ and Nos = 5′-GTAACATAGATGACACCGCG-3′.
The amplified fragment was directly sequenced on a 373A apparatus (Applied Biosystems, Inc., Foster City, CA) by means of Taq-mediated elongation with dye-labeled F-Rep and R-Rep primers described above.
Challenge inoculation against RTSV. Challenge of the plants by virus inoculation was conducted at the Malaysian Agricultural Research and Development Institute (MARDI), Kuala Lumpur, Malaysia, in an insect-proof greenhouse as described by Sivamani et al. (31) , with minor modifications. A first inoculation was performed with four RTSV viruliferous GLH on 14-day-old plantlets. Infection was analyzed by enzyme-linked immunosorbent assay (ELISA) 15 days later, immediately followed by a second inoculation with four GLH on ELISA-negative plants. A second ELISA was performed 12 to 14 days later, and a third assay 35 days after the second inoculation. In each experiment, a minimum of five TP309 control plants, and in some experiments five additional plants from indica variety Taichung Native 1 (TN1), were challenged simultaneously.
Double-antibody sandwich (DAS)-ELISA to detect RTSV. RTSV alone does not induce visible symptoms on infected rice plants; therefore, DAS-ELISA was performed on all challenged plants after each round of virus inoculation. Approximately 10 cm of the second leaf was homogenized with 1 ml of phosphate-buffered saline buffer in a Meru Leaf and Shoot Press (Erich Polhane, Weingarten, Germany). A total of 100 µl of extract was added to microtiter plate wells, precoated for 4 h at 37°C with anti-RTSV antiserum, and incubated 4 h at 37°C. Anti-RTSV polyclonal primary antibodies produced at MARDI against purified RTSV were used at 1:250 dilution in the DAS-ELISA. Anti-RTSV antibodies conjugated with alkaline phosphatase were added and placed at 4°C overnight, followed by the enzyme reaction assay. If, after the second ELISA, an inoculated plant showed an absorbance at 405 nm equal to a noninfected control, it was considered free of virus; if the absorbance was at least twice as high, the plant was considered infected.
RESULTS
Regeneration and characterization of plant lines containing (+)-sense Rep sequences.
From cotransformation performed with the (+)-sense gene construct (pILTAB223), 16 plants were recovered after selection on hygromycin-containing medium. PCR analyses revealed that 13 regenerated plants (81%) contained the Rep gene. All of the transgenic plants were morphologically normal and exhibited variable degrees of fertility (5 to 90%).
R1 offspring of four of the most fertile lines (>50%) were selected for preliminary studies on resistance to the virus. After a first set of challenge experiments, three lines giving promising results were further studied. Lines 147.4 and 147.8 each possessed the entire gene, while line 147.3 appeared to contain a truncated form of the Rep gene whose sequence showed that an internal deletion of 572 nucleotides had occurred toward the 3′ end of the gene, between nucleotides 10,254 and 10,824 of the RTSV genomic sequence. This deletion introduced a frame shift that prevented translation of the remaining downstream sequence of the gene (Fig. 1) . (24) .
Siblings from the R3 generation of the three selected lines were used for further greenhouse testing: lines 147.3 and 147.4 were found to be homozygous for the transgene as shown by PCR and all of the grown plants (9 and 22, respectively) contained the transgene. Line 147.8 was heterozygous, segregating at a 3:1 Mendelian ratio (19 PCR+/8 PCR-). Southern blot data showed line 147.3 to have integrated at least three copies of the transgene. Line 147.4 had at least two copies, while 147.8 contained a single copy (data not shown).
A Rep-specific antibody was not available; therefore, expression of the transgene was characterized only at the RNA level using northern blot hybridization assays. In each 147 line, (+)-sense RNA accumulation was low compared with the accumulation of (-)-sense RNA (Fig. 2) .
Regeneration and characterization of plant lines containing (-)-sense Rep sequence. Transformation with the (-)-sense gene construct (pILTAB224) produced 31 regenerants. Twenty-two plants (71%) were PCR positive for the Rep gene. No morphological abnormalities were detected among these plants. In a preliminary study, seven fertile lines (>50% fertility) were studied for resistance, followed by a more complete study of three lines. PCR-based analysis of the R1 plants showed that line 146.1 segregated in a 15:1 ratio (13 PCR+/1 PCR-), indicating probable transgene integration at two different genetic loci. Lines 146.6 and 146.7 segregated in a 3:1 ratio, compatible with integration of the transgene Northern blot analysis showed that the level of RNA accumulation was comparable for the three lines and was higher than in lines 147 (Fig. 2) . The migration anticipated for the gene transcript (Fig.  2, arrow) gene-related sequences was associated with a poly-disperse group of molecules, indicating that the RNA was relatively unstable in comparison with ribosomal RNA.
Virus resistance of the (+)-sense Rep plant lines 147. RTSV infection was assessed by ELISA after each round of inoculation. A plant was considered resistant if ELISA was still negative after the second inoculation (e.g., absorbance at 405 nm inferior or equal to noninfected plant, ≤0.1). In all cases, infected plants showed high absorbance at 405 nm (0.4 to 1.6).
In preliminary screening of four lines for resistance to RTSV, PCR was not performed, but the number of virus-free segregating R1 progeny after two rounds of virus inoculation was recorded. Whereas all the nontransgenic control plants (TP309 and TN1) were infected, the transgenic plant line 147.14 showed 8% noninfected plants, while lines 147.3, 147.4, and 147.8 possessed 70, 71, and 56% resistant plants, respectively. Offspring from the R3 generation of each of these three lines were subsequently challenged with RTSV. PCR analyses were performed on each challenged R3 plant to confirm that it carried the transgene. All of the negative segregants for line 147.8 and the control TP309 were infected within 12 days of the second inoculation, whereas all of the PCR-positive plants were found to be free of virus 35 days after the second inoculation (Table 1) .
In another experiment performed with 3-week-old R3 plantlets of line 147.3, using 5, 10, or 20 viruliferous GLH, none of the plants became infected (data not shown).
Resistance of the (-)-sense Rep lines 146. As described above, plants from the R1 generation of transgenic lines (not characterized by PCR) were challenged by inoculation with RTSV. The four lines 146.3, 146.9, 146.13, and 146.21 exhibited between 14 and 26% resistant plants; line 146.6 exhibited 68% resistant plants; and two lines, 146.1 and 146.7, were susceptible. Resistance assays were repeated with additional R1 offspring of the last three lines (146.6, 146.1, and 146.7). The last two lines, which were found to be susceptible, were further studied to determine if there was recovery from virus accumulation over longer time periods. All plants from lines 146.1 and 146.7 became infected after the second inoculation and no recovery was observed (Table 1) . Line 146.6 showed a significant level of resistance, with 61% of plants remaining free of virus after the second inoculation and virus accumulation still not detected in 44% of the plants after an additional 2 weeks.
In all experiments, all the control plants were infected after the second round of inoculation (absorbance at 405 nm ≥ 5× the value of noninfected plants).
Specificity of resistance. In the previous inoculation experiments, the plants were challenged with a RTSV isolate from Serdang in the central region of the Malaysian peninsula. To assess the specificity of resistance provided by the Rep gene, tungro isolates (mixtures of RTBV and RTSV) collected in different Malaysian areas were used to challenge the (+)-sense transgenic plant lines. Two isolates were obtained from the south peninsula (Johor; mild and severe), one from the northwest peninsula (Bukit Merah), and two from Borneo (Papar and Kota Belud). Healthy GLH were fed overnight on rice infected with the tungro isolates and then placed for overnight inoculation on five 10-day-old 147.4 plantlets at three to four GLH per plant. Although plants became infected with RTBV, indicating that the helper RTSV was indeed present in the source samples, all the transgenic plants were resistant to RTSV (data not shown).
RTBV transmission from RTSV-resistant plants. Transgenic plants from all of the resistant lines described above were inocu- lated with GLH fed previously on source plants known to contain both RTBV and RTSV. All of the plants became infected with RTBV but not with RTSV, except for one plant from line 146.6 and one from line 147.3, which were infected by both viruses. RTSV infection was expected for the "antisense" line because it showed about 60% resistant plants (Table 1) , but was unexpected for 147.3 because, in a previous experiment, 100% of the plants were found to be resistant (Table 1) . After infection, these plants were used as sources for further virus acquisition by GLH. GLH known to be RTSV viruliferous were used as a control. The insects were then left overnight on four TN1 plants (three GLH per plant). Virus transmission to TN1 plants was determined 2 weeks later by ELISA.
When GLH were fed on transgenic, RTSV-free plants infected by RTBV, they did not acquire or transmit any virus, whereas RTSV viruliferous GLH were able to do so (Table 2) . Alternatively, when plants were infected by RTSV in addition to RTBV, both viruses were transmitted, regardless of whether the source plant was transgenic or nontransgenic ( Table 2 ).
DISCUSSION
This work shows for the first time that expression of replicase coding sequences from RTSV confers resistance against the virus. While antisense (-) sequence derived from the Rep gene can confer a significant level of resistance (up to 60% resistant plants), positive (+) sense constructs confer near immunity (100% resistant plants) to RTSV infection.
The transformation protocol used enabled the regeneration of a large number of transgenic japonica rice plants of the variety TP309 (10), of which over 70% contained the Rep gene. As previously described (9), integration of single or multiple copies of the transgene usually occurred at one locus, as shown by genetic segregation of the gene. Expression of the Rep gene in either orientation did not affect the development of the plantlets. This contrasted with the situation in bacteria, because all of our attempts to clone the full Rep gene in a bacterial expression vector failed (33) .
The level of resistance to RTSV in plants expressing the antisense sequence of the Rep gene was moderate (60% noninfected plants) (Table 1) , and accumulation of the transgene RNA was substantial (Fig. 2) . No symptom recovery was observed as is sometimes the case in resistance induced via a cosuppression mechanism (17, 32) , indicating that resistance in this case is, therefore, via direct RNA-mediated resistance. One can postulate that the RNA transcript interacted with the viral RNA and interfered with normal replication and translation (4, 5) . However, we did not observe a correlation between the level of accumulation of (-)-sense Rep RNA and resistance, as was reported for geminiviruses (6, 14) .
Plants expressing the Rep gene in the sense orientation exhibited characteristics of homology-dependent resistance: a very high level of resistance to RTSV even in the presence of high inoculum levels (high number of GLH) and low levels of transgene transcript. Plants expressing the intact, nonmutated Rep gene, as well as those expressing a truncated form of the gene, were highly resistant to virus inoculation, providing further support for RNA-mediated resistance. It would appear that, in the case of Rep protein-mediated resistance, for some viruses, an active Rep has to be expressed (potato virus Y [2] and tobacco mosaic virus [8] ), and for some others, the Rep has to be defective (alfalfa mosaic virus [7, 28] ).
Interestingly, although all 19 challenged plants from the plant line expressing the truncated Rep (147.3) were found to be resistant when tested against RTSV alone, one plant became infected with RTSV and RTBV when inoculated with both viruses. This phenomenon was not observed for the two other plant lines that expressed the whole Rep gene. They never became infected by RTSV even in the case of a mixed inoculation. It is known that a synergism exists between RTSV and RTBV (23) that seems to correlate with virus content (12) , but the underlying molecular mechanisms are still unknown. We have observed that transgenic rice expressing RTBV sequences do affect RTSV accumulation (A. de Kochko, unpublished data), suggesting some molecular interactions between the two viruses. The data presented here do not confirm whether the infection of line 147.3 by RTSV is really the consequence of coinoculation with RTBV. Similarly, we do not know if the fact that it happened only in the line expressing truncated and not the full-length Rep gene is meaningful. Determining this may lead to a better understanding of the molecular features of rice tungro disease. Furthermore, it is of practical importance because, in tungro disease-contaminated fields, both viruses are present, although infection by RTSV alone precedes infection by both viruses.
The Rep gene was cloned from a RTSV isolate from the Philippines. When expressed as a transgene in rice, it conferred high resistance against distinct and geographically distant Malaysian isolates. The percentage of homology between Rep sequences of the Malaysian and Filipino isolates has not been determined because the Malaysian isolates are yet to be molecularly characterized. However, these data on resistance show that the use of a Rep gene from the Philippines can confer resistance to RTSV in different areas of the Malaysia peninsula and Borneo and suggest that the imported resistance might not be strain specific.
From an agronomic point of view, RTSV enhances the severity of the tungro disease; a field of RTSV-resistant plants would certainly have reduced yield loss due to tungro disease when compared with losses in susceptible plants. However, our goal is mostly to use RTSV-resistant rice for an epidemiological approach (to stop or at least considerably slow down the spread of the disease). It is well documented that RTSV is required for RTBV transmission; in order to transmit RTBV, GLH have to feed on mixed RTBVand RTSV-infected plants or feed on RTSV-infected plants before feeding on RTBV-infected plants (23) . Existence of a helper component other than RTSV virions has previously been shown (21, 22) . Our data confirmed that RTSV-resistant transgenic rice did not permit RTBV transmission and, therefore, ruled out the possibility that a low titer of virus particles (below ELISA detection) or the transgene-encoded protein in the transgenic resistant plant could allow RTBV transmission. In the only report concerning the epidemiological effects of transgenic plants, Thomas et al. (34) showed that transgenic potatoes only moderately resistant to potato leaf roll luteovirus greatly limited spread of the virus by the aphid vector. Although this example is somewhat different from the tungro disease, it provides encouraging information because, in both cases, secondary infection plays a major role in the epidemiology of the viral disease.
The current report, in combination with a previous paper describing coat protein-mediated RTSV resistance (31) , shows that RTSVresistant rice obtained by genetic engineering is now a reality. A survey in the Philippines revealed that RTSV is widespread (3) in that country, and that may be the situation in all of southeast Asia. The constant presence of RTSV may explain the sudden and unexpected outbreaks of tungro disease when subsequent infection by RTBV occurs. Furthermore, a disease called rice waika disease seriously affected rice in Japan in the 1970s. It was found to be due to an extreme susceptibility of a particular rice cultivar to a specific strain of RTSV (16, 30) , demonstrating that RTSV has the potential to be a damaging virus by itself. Production of RTSV-resistant rice may, therefore, be beneficial. Field experiments, preferably in several geographic locations where tungro disease is endemic, are now required to assess the effectiveness of the RTSV replicasemediated resistance.
